Characterization and Conservation of the Stone Used in the Cathedral of Almería (Spain). by Villegas Sánchez, Rosario et al.
89 
CHARACTERIZATION AND CONSERVATION OF THE STONE USED IN THE CATHEDRAL OF 
ALMERIA (SPAIN) 
VILLEGAS SANCHEZ, ROSARIO 
Institute Andaluz de Patrimonio Hist6rico, Isla de la Cartuja 1, 410171 Sevilla (Spain) 
MARTIN GARC[A, LOURDES 
Institute Andaluz de Patrimonio Hist6rico, Isla de la Cartuja 1, 410171 Sevilla (Spain) 
VALE PARAPAR, JOSE FRANCISCO 
Dept. of Chemical and Environmental Engineering. Esc. Sup. lngenieros lndustriales. Avda. Reina Mercedes sin. 41012 Sevilla (Spain) 
BELLO LOPEZ, MIGUEL ANGEL 
Dept. of Analytical Chemistry. Fae. Qufmica. c/ Prof. Garcia Gonzalez sin. 41012 Sevilla (Spain) 
ALCALDE MORENO, MANUEL 
Dept. of Chemical and Environmental Engineering. Esc. Sup. lngenieros lndustriales. Avda. Reina Mercedes sin. 41012 Sevilla (Spain) 
SUMMARY 
This paper summarizes a study carried out on the Almeria Cathedral which includes studies of indicators, 
factors and mechanisms of deterioration. A complete chemical and physical characterization of altered and 
unaltered material from the quarries and the building has been made. Eight commercial treatment products 
have been tested on the main stone-type used in the monument, including two accelerated weathering tests 
(salt crystallization and S02 chemical attack). Some conservation proposals have been made. 
1. INTRODUCTION 
This is a fortified cathedral, built with defensive aim besides the religious one. Its construction began on 
October of 1522 and had two fundamental phases, one from 1524 to 1543 when the gothic part (naves, apsis, 
old council room and fort) was built, and the other from 1550 to 1562 when the Renaissance part (portals, 
transept, San lndalecio and Piedad chapels, sacristy) was built. Between 1543 and 1550 the work was 
suspended due to the lack of resources and masterworkmen. Later, during the XVII and XVIII centuries, the 
tower, cloister, retrochoir and tabernacle were completed. 
A reconstruction in which a part of the merlons was substituted and a solution was given to the roofing which 
had not been placed until 1617 and had always suffered leaks, was carried out in the 1960's (1). 
The cathedral is located inside the city, very near the sea, flanked by very narrow streets to the East and West, 
with very little traffic, a square at its main fayade and some houses which prevent traffic by the southern wall, 
corresponding to the cloister added to the temple. Although the longitudinal direction is from East to West., the 
main entrance is made through the fayade situated to the North. 
Almeria belongs to the mediterranean climatical region, Southeastern subregion, arid character. The 
temperatures are high during a great part of the year, August being the hottest month with an average daily 
maximum temperature of 30°C. The influence of frosts can be discarded. The daily oscillation of temperature 
(maximum-minimum) has a stable average during the year of 8°C. The relative humidity is rather stable 
through the year, being the average yearly 75 %. The daily maximum oscillations in relative humidity are lower 
than 10%. The average yearly rainfall is 200 l/m2, often with torrential character. The SW wind is the 
dominating direction during the year, with a frequency of speeds higher than 6 km/h of around 34%. From the 
East the wins are not quite frequent but with higher speeds. Speed higher than 50 km/h is found on some days 
in Summer. 
The topographical location of the building, very near the sea, originates the presence of an important rising 
damp which is very rich in salts. 
2. EXPERIMENTAL 
2.1. Sampling 
More than 100 samples of the stones used in the exterior zones of the Cathedral were taken. Sampling has 
been carried out taking into account the different stones used, their location in the monument, the alteration 
type and degree and all the factors which detenTiine the present state of conservation of the stony materials. 
For the studies which require unaltered material, samples from the quarries were obtained. 
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2.2. Methods 
For the determination of the major composition of the stones, Berzosa and Martin methodology (6-8) was 
employed. 
The surface hardness was tested with a Hoyton 1005 Hardness Tester with a 5 mm diameter ball and applying 
a preload of 1 o kg and a total load of 30 kg. Hardness was obtained as inverse function of the ball penetration 
depth. 
The compacity degree was tested with a Controls E46 ultrasonic tester. 
X-ray powder diffraction patterns were obtained with a Philips PW-1710 diffractometer using CuKa radiation 
and Ni filter. 
Mercury intrusion porosimetry measurements were performed with a Micromeritics 9320 porosimeter by using 
pieces of 2-3 mm obtained from the external zone of the samples (treated and untreated). The pore size range 
covered was approximately 0.3-200 mm. 
The most significant hygric parameters were determined according to RILEM proposal (9). Cubic specimens of 
5 cm edge have been employed. 
For the chemical accelerated weathering test with S02 polluted atmosphere, a home-made simulation 
chamber was used (10, 11). 
3. STONE CHARACTERIZATION 
3.1. Unaltered material 
Table 1 shows the major chemical composition of the two varieties of Almeria stone; as can be observed, both 
materials have a very similar chemical composition, presenting only differences on colour. 
The pore size distribution of the Almeria stone is represented on Figures 1, 2 and 3. In this Figures, also 
appear the curves corresponding to treated samples. 
In Table 4, the main hygric parameters for the Almeria stones can be observed. 
The compacity degree of the materials was checked by ultrasonic testing; values of 2800-3300 m s-1 were 
obtained for the unaltered Almeria materials. 
Table 1. Major chemical composition (%) of the two types of Almeria stone, white and yellow 
TYPE OF STONE White Yellow 
Average Interval Average Interval 
Ignition loss 43,66 42,8-43,9 43,05 42,6-43,05 
Si02 8,55 8,3-8,6 7,69 7,6-7,8 
Ab OJ 1,77 1,6-1,8 1,31 1,1-1,5 
Fe20 3 1,23 1,0-1,3 1,80 1,7-2,2 
cao 27,58 26,0-28,3 32,02 30,5-34,1 
MgO 16,2 14,8-17,1 12,35 12,1-13,6 
Na20 0,36 0,2-0,4 0,25 0,2-0,4 
K20 0,03 0,03-0,04 0,03 0,03-0,04 
S03 0,98 0,7-1 ,2 1,28 1,0-1,5 
Total 100,36 99,78 
3.2. Materials from the building 
The factors, indicators and mechanisms of deterioration present in the Cathedral of Almeria have been previously 
described (3, 4). 
The environmental conditions of the city of Almeria previously described state that the low pollution levels do not 
cause a very important attack on the stones of the building. But the fact that the stone is a dolomitic limestone 
provokes the apparition of a very known phenomenon, the dedolomitization process (5). So, the more important 
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Figure 3. Pore size distribution for Almerfa stone. Untreated and treated with Tegovak:on and Strengthener 
OH. 
The analysis of the efflorescences from the building reveals that the main compounds are the hexahydrite 
(MgS04.6H20) and epsomite (MgS04.7H20). Other minor substances were also present (4). 
The fonnation of the great quantities of hexahydrite and epsomite observed can not be interpreted on the basis of a 
simple dissolution of the stone compounds and their recrystallization, according to the stone composition. The low 
sulphate content can not explain the high efflorescence fonnation; an external source of sulphate must be considered. 
The possible effect of atmospheric S02 would not be considered due to the low pollution levels. The most probable 
source of sulphate may be the mortars used, and most probably those used in the latest restoration realized on the 
building. 
The migration of sulphates from the mortars could be due to capillary ascension of water from the subsoil in the lower 
zones of the building, and for the upper part the water could come from deteriorated pipes, rain percolation and 
marine aerosol. 
The increased of volume in capillaries and interstices, related with the presence of salts, and the dissolution of these 
compounds are the main deterioration mechanisms. This lead to indicators of deterioration with a typical morphology 
consisting on openings in all its manifestations (pitting, alveolar erosion and craters), specially on the high and tower 
parts of the building where the wind and humidity are more intense (Figure 4). 
Figure 4. Alveolar erosion in the Almeria Cathedral 
4. TREATMENT PRODUCTS 
4.1. Types of products 
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For this study, eight known commercial products of conservation were tested, six of organosilicic type: Stone 
Strengthener OH (ethylsilicate), Tegovakon V (ethylsilicate). Silicone Masonry Water Repellent BS28 (organosilicic), 
290L (oligomeric organosiloxane), Tegosivin HL 100 (monomeric organosilicic) and Baysilone Impregnating Agent LV 
(silicone resin); one of acrylsiliconic type: ARD 55.050 (acrylsiliconic resin) and one acrylic product: Paraloid 872 
(copolymer of methylacrylate and ethylmethacrylate). 
Wrth respect to their effect on the stone, they can be classified as: 
* Consolidants: Strengthener OH and Tegovakon V 
* Consolidants+water repellents: Paraloid 872 and ARD 55.050 
* Water repellents: 290L, T egosivin HL 100 and Baysilone L V 
* Water and oil repellent: BS28 
4.2. Application of the products to the stone samples 
Cubic samples of 5 cm edge were used for all the tests carried out. Before applying the products, the samples were 
cleaned, wetted and left in the air to dry until the water content was 0-2 g; this procedure reproduces the state of the 
stone in the building and favours the polymerization of organosilicic products (15-17). 
For each product, twelve samples were treated by ten minutes immersion in order to reach an uniform penetration on 
all faces. Due to the high stone porosity, this time is enough to achieve a total impregnation of the samples; only 
Paraloid does not penetrate completely, with a penetration depth of only 1 cm; this fact can be due to the high 
viscosity of the solution and high volatility of the solvent used. Table 2 shows the dilutions and solvents used to 
prepare the products for the application. 
Table 2. Solvents and dilutions used for the products applied 
PRODUCT DILUTION 
Strengthener OH (OH) 
Tegovakon V (TV) 
BS28 
290L 
Tegosivin HL 100 (TG) 
Baysilone LV (BY) 
ARD 55.050 (ARD) 
Paraloid 872 (PA) 
Ready to use 
Ready to use 
5% (v/v) with xylene 
1:14 (v/v) with xylene 
10% (v/v) with xylene 
5% (v/v) with benzine 
Ready to use 
10% (w/v) with 1, 1, 1-trichloroethane 
The samples were periodically weighed with the aim to follow the drying/ polymerization process, which is affected by 
the solvent evaporation and the polymerization of active compound (if it's a monomer). 
The product consumption was calculated according to the volume absorbed by the samples during the impregnation. 
Table 3 shows several characteristics related to impregnation of the treated samples. 
Table 3. Characteristics related to impregnation 
TREATMENT PROPERTIES 
PRODUCT 
Product Drying Depth of Weight Porosity Ultraso~ic 
consumption time penetration increase decrease velocity 
(I m·2) (h) (mm) (%) (%D) (ms-1) 
Str. OH 3,45 100 Total 4,24±0,74 6,68±0,80 3304±39 
Tegovakon V 1,95 200 Total 2,63±1 ,05 2,44±1, 17 3159±134 
ARD 55.050 2,16 150 Total 1,31±0,45 1,67±0,85 3160±136 
Paraloid 872 1,95 50 10 1,24±0,31 1,85±1,32 3125±47 
290L 1,83 200 Total 0,58±0, 15 0,76±0,44 3227±38 
BS28 1,83 200 Total 0,80±0,33 2,26±1 ,03 3215±163 
Baysilone 3,00 300 Total 0,93±0,39 2,25±1 ,01 3086±51 
Tegosivin HL 100 1,35 150 Total 1,30+0,41 1,66±0,82 3203±206 . 
Untreated stone: 3132±143 
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Ultrasonic velocity has been measured on three samples treated with each product (five samples 
untreated), carrying out three perpendicular measurements on each sample, calculating the average of 
these nine values (fifteen for untreated). It can be seen that Strengthener OH produces the most 
significative increment of this characteristic, due to its weight increment is the highest. 
With respect to the changes in the pore size distribution, Figures 1, 2 and 3 show the typical pore size 
distribution for the Almerf a materials treated with the selected products. All the consolidants (both 
organosilicic and acrylic) affects porosity, producing the decrease of pores higher than 0, 1 mm, and the 
increment of pores lower than 0, 1 mm. which is an undesirable effect. In spite of this fact, there is not a 
significant increment of alterability of samples treated with these products, except on this treated with 
Paraloid 872, but we consider that this is due to the low penetration depth of this treatment. 
The water repellents cause the decrease of pores higher of 0, 1 mm, but there is no effect on the quantity 
of micropores except on this treated with 8aysilone. The only treatment that does not produce an 
improve on the response to accelerated weathering tests is 290 L, while the others have a very good 
behaviour. 
4.3. Hygric characteristics 
Several properties related to water were measured according to the RILEM proposal (7). Table 4 shows 
the main results obtained from ten cubic samples treated with each product. 


























Immersion Drop absorption 
Max. water Time of 
absorbed absorption 
(mgxcm-3 ) (min) 
296,6 0,05 
264,5 93,5±7,8 




85,3 131 ,5±9,3 
104,6 109,1±9,4 
117,0 98,7±6,3 
§ Not appreciable quantity 
Evaporation 
Velocity of Critical 
evaporation water content 
(mgxh.1cm·2 ) (mgxcm.3) 
4, 17±0,29 144 
3,28±0, 15 160 
4, 11±0,20 144 
2,89±0,21 200 
3,41±0, 13 208 
4,21±0, 14 168 
3,41±0,27 200 
3,66±0,31 176 
3,79±0, 17 200 
The capillarity absorption becomes very low on the samples treated with water repellent products and 
with Strengthener OH, while it decreases slightly on samples treated with Tegovakon v, ARD 55.050 and 
Paraloid. 
Immersion water absorption decreases to a third part with water repellent products and slightly with the 
two organosilicic consolidants, ARD 55.050 and Paraloid 872. Similar considerations can be made for 
the drop absorption data: time increments are higher with organosilicic water repellents, and lower with 
the rest. 
The evaporation data show that none of the products (except ARD 55.050) cause a very appreciable 
decrease in the velocity of evaporation; the value of critical water content increases, although not 
greatly, having into account that the value for untreated stone is already high. 
4.4. Mechanical properties 
With the aim of evaluating the consolidation effect of the studied products, surface hardness was 
measured on untreated material and on samples treated with the four consolidants. Hardness increase is 
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directly related to the quantity of product that remains on the stone; so, the higher increase in hardness 
occur for Strengthener OH (25%), following Tegovakon v (20%), and at last ARD 55.050 (15%) and 
Paraloid 872 (15%). 
5. ACCELERATED WEATHERING TESTS 
Two accelerated weathering tests were carried out: a salt crystallization test with sodium sulphate and 
chemical attack with S02 polluted atmosphere. 
The salt crystallization test consisted of 45 cycles of the following characteristics: 24 h total immersion in 
10% (w/v) sodium sulphate solution, 21 h drying at 65°C and 3 h for cooling and weighing. The selected 
drying temperature is acceptable for the products tested and the drying time is adequate for the sample 
size. 
The chemical attack test was carried out in a simulation chamber during 30 days with an atmosphere of 
1000 ppm S02 and the following cycles: 24 h dry air at 40°C, 0.5 h rain, and 23.5 h 100% RH air at 40°C. 
For both tests, five untreated samples and four samples per treatment were tested. At the end of the 
tests, some properties related to water absorption were measured again; on the samples from the 
chemical attack test, surface sulphate content was analyzed too. 
5.1.Salt crystallization test 
The two acrylic products have a similar behaviour. loosening a surface layer (Figure 4); on those 
samples treated with Paraloid 872, a fine film detaches, falling grains beneath it; on those samples 
treated with ARD a thicker layer falls down, on both cases since the first cycles. 
The rest of the samples submitted to this weathering test (including the untreated ones) show the same 
deterioration process: loosening of grains on all the sample surface. The untreated samples (Figure 5) 
show the same pattern of deterioration that appears on the building where mechanisms of salt 
crystallization take place too. 
The two organosilicic consolidants slow down the deterioration process with respect to the untreated 
material, which present a very important deterioration at 10 cycles; those treated samples support 
approximately 15 cycles. 
Samples treated with organosilicic water repellents support a very different number of cycles: 8S28, 
8aysilone and Tegosivin HL 100 resist more than 40 cycles without significant alterations. while samples 
treated with 290 L suffer the detachment of pieces and grains on the lower parts. 
Figures 6 and 7 show the weight evolution of the samples during the weathering test. 
Figure 5. Untreated sample after 1 o cycles of salt crystallization test. 
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Figure 6. Weight evolution of the Almeria samples during the salt crystallization test. Untreated and treated 
with water repellents. 
Weight increase (%) 
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Figure 7 . Weight evolution of the Almeria samples during the salt crystallization test. Untreated and treated 
with consolidants . 
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5.2.Chemical attack test 
The attack induced in this test becomes apparent with the formation of calcium and magnesium 
sulphates on the surface of the samples. The formation of these compounds, more soluble than 
carbonates, produces the loss of weight of the samples through dissolution on rain water. Due to the high 
porosity of the stone, sulphate contents are quite high. 
The stones treated with hydrophobic products experiment the same formation of sulphate, but due to 
their water repellent character the samples are not wetted so easily and these sulphates do not dissolve 
on the same quantity; so, their changes of weight are positive, due to the higher molecular weight of 
sulphate in front of carbonate. 
Untreated samples present severe alterations, with materials looses, a dusty rough crust formed by high 
quantity of efflorescences, and grain disgregation. 
Organosilicic water repellents have a very good behaviour, and the samples treated with them do not 
show any alteration. Acrylic products cause the formation of blistering on the whole surface. 
Organosilicic consolidants treated samples suffer a looses of weight very high, visually appreciable, due 
to the dissolution of sulphate formed; those treated with Tegovakon are more weathered, with blistering 
and spalling. 
Table 5 shows some hygric properties measured on the samples after the weathering test, and the 
surface sulphate percentage, which was measured in a 5 mm thickness sheet. 




Water absorbed Water absorbed Time of drop Surface sul-Weight 
by capillarity by immersion absorption phate content increase 
at 8 dar at 8 days (min) (%SO/ -) (%) 
(gxcm- ) (mgxcm-3) 
Untreated 1,46 305,3 # 11 ,05 -1 ,58 
Str. OH 1,22 294,5 # 7,03 -1 ,42 
Tegovakon V 1,30 301 ,0 # 7,16 -0,69 
C. 55.050 1,48 283,8 # 8,94 2,34 
Paraloid 872 1,41 287,9 1,5±1,3 11 ,34 3,76 
290L 0,64 168,4 # 17,47 1,51 
BS28 0,58 157,3 0,6±0,5 10, 71 0,62 
Baysilone 0,33 145,4 10,4±7,7 11,46 0,67 
Tegosivin HL 100 0,25 129,4 76,3±38,0 10,78 0,97 
# Lower than 1 second 
After the chemical attack, the surface hardness of the untreated and consolidated samples was 
measured and the results reveal the hardness increments obtained with the use of consolidant products 
decreases substantially; so, these increments become only 15% for Tegovakon and Strengthener OH 
and 10% for ARD and Paraloid 872. 
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6. CONCLUSIONS 
Table 6 summarizes the behaviour of the selected products on the Almeria stone. 
Table 6. Global evaluation of the conservation products on the Almeria stone 
TREATMENT Change of stone properties Behaviour on salt 
PRODUCT due to treatment crystallization test 
Strengthener OH ++ 0 
Tegovakon V ++ 0 
Cons. 55.050 0 
Paraloid B72 0 
290L + 0 
BS28 ++ ++ 
Baysilone L V ++ ++ 
Tegosivin HL 100 ++ ++ 
Behaviour on 








CODE: ++ very good; + good; o null; _ negative 
In the first column the influence of each product on the properties of the stone is indicated. For the 
consolidants, weight and hardness increases have been considered as positive effects. For the 
hydrophobic products, the water repellent effect, global and superficial, have been the representative 
parameters. In both cases, a total impregnation has been considered as positive and a pronounced 
evaporation decrease as negative. 
The second column is based on the results of the salt crystallization test; so, a product is considered very 
good when the deterioration was practically unapreciable, good if the samples have resisted a 
considerable number of cycles, null when their behaviour were similar to the untreated ones and 
negative if the deterioration was marked or more serious than that of the untreated samples. 
The third column corresponds to the chemical attack test with S02; if the deterioration was null or scarce, 
the product has been considered as very good or good, respectively; for deterioration degrees similar to 
those of the untreated samples, their effect was considered as null, and for major deterioration as 
negative. 
The organosilicic consolidants present a good consolidant effect, but since these products do not have 
hydrophobic properties, they do not provide any protection on the deterioration tests; these samples 
present a similar weathering degree as the untreated ones. 
The two acrylic products have, in general, a negative effect, moreover ARD 55.050 causes a great 
evaporation rate decrease. It is important to point out the low depth of penetration of Paraloid 872 which 
is the cause of the poor behaviour of this product. These products lose their poor hydrophobic 
characteristics after a long period of contact with water; so, salt crystallization occurs behind the treated 
surface, causing the material dissagregation with loosening of this treated layer. 
In general, organosilicic water repellent products give the best results on the weathering processes and 
their hydrophobic properties were only affected on the surface; all of them present similar behaviour. 
These products do not cause a pronounced decrease on the rate of evaporation, therefore they can be 
considered as very good treatments on this aspect. All the products, except 290L, resisted well the salt 
crystallization and chemical attack tests, remaining its hydrophobicity. 
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